To study in vivo somatic mutations a C57BL/6 transgenic mouse model was constructed harboring multiple chromosomally integrated copies of the plasmid pUR288, which carried the lacZ reporter gene as the mutationaJ target We previously demonstrated that ZacZ-containing plasmids could be rescued from their integrated state efficient enough to detect mutations in lacZ by positive selection. The smaller size of the plasmid vector, as compared with our earlier transgenic mouse model based on bacteriophage lambda vectors, should offer considerable advantages in terms of rescue efficiency and sensitivity to large size alterations in the lacZ gene. To evaluate the plasmid-based mouse model for its suitability to detect in vivo mutations, we determined mutant frequencies in different organs of untreated and ethyl nitrosourea (ENLT)-treated animals using a new, improved protocol. The rescue efficiencies obtained were as high as 200 000/ug genomic DNA; millions of transformants could be obtained in one single experiment. The average spontaneous mutant frequency in four different organs of 4-to 8-week-old mice ranged from 4.41 to 6.82 X1(H, compared with a mutant frequency of the same plasmid grown in Escherichia coli of ~1X1O~S or less. Single treatments with 100 and 250 mg ENU/kg body wt resulted in a 7-and 14-fold increase, respectively, in spleen mutant frequency at 14 days after i.p. administration of the alkylating agent Restriction enzyme analysis showed that a considerable portion of spontaneous mutants were size changes varying from -100 to 3000 bp. Some mutant plasmids contained mouse genomic sequences, which is indicative of large genetic rearrangement events involving the 3' flanking regions of the transgene cluster. Among the ENU-induced mutants, size changes comprised only a minor fraction of the total, which is in keeping with the known ENU mutation spectra in vitro and in vivo. The high rescue efficiency of this plasmid-based model, in combination with its sensitivity to a broad spectrum of mutations, including large deletions, makes it very suitable as a general in vivo mutagenicity test system.
Introduction
Somatic mutations have been implicated in the etiology of cancer and other age-related diseases and may play a role in the ageing process itself (Vijg and Gossen, 1993; Greenblatt et al, 1994) . A major difficulty in studying in vivo somatic mutations in chromosomal DNA of higher organisms has been the lack of techniques capable of identifying and isolating mutated genes efficiently. Several methodologies for detecting somatic mutations in vivo are available, but most of these methods rely on propagation of cells ex vivo, are cumbersome or have a very limited mutation detection sensitivity (Albertini et al, 1982; Morley et al., 1983; Langlois et al, 1986; Janatipour et al, 1988; Winton et al, 1988) .
Thus far, the only methodology for the detection and characterization of mutations in different organs and tissues is based on the use of transgenic mouse models harboring chromosomally integrated bacteriophage lambda shuttle vectors, equipped with bacterial reporter genes. The first such mouse model, using the bacterial lacZ gene as a target for mutagenesis, was developed in our laboratory (Gossen et al, 1989) . A second model, developed by Short and co-workers, employs the lad gene as die mutational target (Kohler et al, 1991 ; for a review see Gossen and Vijg, 1993) . Both models are presently under evaluation (Morrison and Ashby, 1994) .
A major limitation of both models is that an important class of mutagens, termed clastogens, has been found to yield very low responses (Suzuki etal, 1993; Tao etal, 1993) . Assuming that clastogens cause predominantly (large) deletions, the low response rate might be explained as being due to the difficulty of packaging lambda vectors <42 kb or >52 kb. In addition, deletions extending into regions adjacent to the transgene concatemer are not detected since two intact cos-sites are required for the packaging of a single lambda vector (Feiss and Becker, 1983; Provost etal, 1993) . Other factors preventing the detection of size changes smaller than ~5 kb may involve the lengm of the tandemly integrated transgene cluster, which might not be the optimal substrate for the mammalian DNA processing enzymes generating rearrangements. Indeed, the largest deletion reported in bacteriophage lambda-based systems is ~500 bases (Douglas et al, 1994; Winegar et al, 1994) .
A plasmid-based transgenic animal may overcome die restrictions mentioned above since die recovery of plasmids is not so size-dependent. Even large deletions extending into the flanking regions of the host chromosomal DNA should be detectable, provided the antibiotic resistance gene and the origin of replication are recovered (Figure 1 ). The pre-purification of plasmids containing the lacZ reporter gene from total genomic DNA, using lad repressor proteins coupled to magnetic beads (Gossen et al, 1993) , together with positive selection of mutant plasmids (Gossen et al, 1992) , potentially make a powerful assay to study a broad spectrum of mutations (Gossen et al, 1995) . The major aims of this present study were to develop a new set of (more efficient) protocols for mutant frequency determination in the pUR288 plasmid C57B176 transgenic mouse, to investigate potential protocol-related artefacts, and to study the frequency and type of mutations induced in this model by the mutagen ethyl nitrosourea compared with background spontaneous mutations. 
Materials and methods

Animals
Construction of the transgenic mouse model is also described by Gossen et al. (1995) . Briefly, -200 copies of the pUR288 plasmid (Ruther and MUller-Hill, 1983) , linearized with the restriction enzyme Psll, were microinjected into fertilized C57BL/6J mouse oocytes. The offspring were analyzed for the presence of the transgene, by means of Southern blot analysis of tail DNA using 32 P-labeled pUR288 as a probe, and bred to homozygosiry. All results mentioned in this study were obtained with transgenic mice of line 60 (C57BL/ 6#60), harboring -20 copies per haploid genome (for a schematic depiction of the integrated plasmids see Figure 1 ).
All animals were bred and maintained in the Beth Israel Hospital Animal Research Facility in accordance with all applicable state and federal regulations in a viral antigen-free environment. The room temperature was 23°C and the light/dark cycle was 12 h/12 h. Lab chow and water were supplied ad libitum.
For studying spontaneous mutagenesis, female animals of 4-8 weeks of age were selected at random and killed by decapitation following asphyxiation. The organs were frozen at -80°C until used for DNA isolation.
ENU treatment
Female mice were treated at 6 weeks of age with a single i.p. injection of 100 or 250 mg of ethyl nitrosourea (ENU; Sigma, St Louis, MOVkg body wt ENU was dissolved in dimethyl sulfoxide (DMSO) to a final concentration of 40 mg/ml immediately before use. The injection volumes were 50 and 125 nl for 100 and 250 mg of ENU respectively. Control mice received 125 u.1 of the vehicle DMSO only. Mice were killed by decapitation following asphyxiation at various time points after the treatment. The control mice were all killed at the latest time point The organs were frozen at -SOT until used for DNA isolation.
Genomic DNA isolation
Organ tissues were rapidly homogenized in 9 ml of lysis buffer (10 mM Tris-HC1, pH 8.0, 150 mM NaCl, 10 mM EDTA) in a 50 ml Falcon tube using a Brinkmann homogenizer. SDS, proteinase K (Boehringer, Indianapolis, IN) and RNAase A (Boehringer) were added to final concentrations of 1%, 0.5 mg/ml and 120 |ig/ml respectively. The mixture was incubated for 3 h at 55°C while rotating and subsequently extracted with 1 vol of phenolxhlorofornrisoamyl alcohol (25:24:1) by gently mixing the emulsion for 10 min. The two phases were separated by centrifugation for 20 min at 4000 g, after which the aqueous phase was transferred to a clean 50 ml Falcon tube. Onefifth of a volume of 8 M potassium acetate was added to the aqueous phase. The mixture was extracted with 1 vol of chloroform by gently mixing the emulsion for 10 min. The two phases were separated by centrifugation for 112 20 min at 4000 g, after which the aqueous phase was transferred to a clean 50 ml Falcon tube. Two volumes of pure ethanol were added to the aqueous phase. The precipitated genomic DNA was spooled on a glass pipet and washed three times with 1 ml of 70% ethanol. After the excess ethanol was removed, the DNA pellet was air-dried for 10 min and solubilized in 0 5-1 mlofTE-buffer(10mMTris-HCl,pH7.5, 1 mM EDTA). DNA concentrations were determined by spectrophotometric measurements.
Preparation of electrocompetent cells
One and a half milliliters of an overnight culture of E.coli C (AlacZlgalE~), grown in LB-medium (Gibco BRL, Grand Island, NY) containing 25 Hg/ml kanamycin (Sigma), was added to 500 ml of LB-medium in a 1 1 Erlenmeyer flask. The cell culture was grown at 37°C while shaking at 225 r.p.m. to OD^no = 0.45 and subsequently placed on ice for 30 min while shaking. The cell culture was aliquoted in 50 ml Falcon tubes, centrifuged at 4°C for 15 min at 4000 g and washed once with 0.5 vol of ice-cold ddH 2 O, once with 0.25 vol of ice-cold ddH 2 O and once with 0.1 vol of ice-cold 10% glycerol. During the wash steps, cells were carefully resuspended by gently inverting the tubes. Finally, the cells were resuspended in ice-cold 10% glycerol to ODGOO = 57. Aliquots of 250 nl were frozen in a dry ice/ethanol bath and stored at -80°C.
Plasmid rescue
Procedures for plasmid rescue have been described previously (Gossen et al, 1993) but were modified considerably. Detailed bench-top versions of the procedures described below are given elsewhere (Vijg and Douglas, 1996) .
One milliliter of M450 magnetic beads coated with sheep anti-mouse IgG (4XI0 8 magnetic beads/ml; Dynal, Lake Success, NY) were pelleted on a magnetic particle concentrator (Dynal) and washed once with 1 ml of PBS. The beads were resuspended in 850 |il of PBS and 150 uj of mouse anti-p"-galactosidase (2 mg/ml; Promega, Madison, WI) was added. The mixture was incubated for 1 h at 37°C in a rotating incubator. The beads were washed three times with 1 ml of PBS. After the last wash step the beads were resuspended in 900 Hi of PBS and 100 Hi of a lacZ-lad fusion protein, kindly provided by Dynal (Oslo, Norway). The mixture was incubated for 2 h at 37°C in a rotating incubator, after which the beads were washed three times with 1 ml of PBS. Finally, the beads were resuspended in I ml of PBS and stored at 4°C for a maximum of 4 weeks.
Between I and 50 (ig of transgenic mouse DNA was diluted to a 58 |il volume with ddH 2 O. Fifteen microliters of 5X binding buffer (50 mM Tris-HC1, pH 7.5, 5 mM EDTA, 50 mM MgCl 2 , 25% glycerol, adjusted to pH 6.8 with HC1) and 2 nl Hindlll (20 U/ul; New England BioLabs, Beverly, MA) were added. Sixty microliters of magnetic beads coated with the lacZ-lacl fusion protein were pelleted on a magnetic particle concentrator and the supernatant was removed. The pre-coated beads were resuspended in the genomic DNA///i'ndIII/binding buffer mixture and incubated for 60 min at 37°C while rotating. The beads were pelleted, washed once with 250 Jll of 1 X binding buffer and resuspended in 75 |il of IPTG-elution buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 125 mM NaCl) and 5 ul of 25 mg/ml isopropylthio-P-galactoside (IPTG; Promega). One hundred microliters of ddH 2 O, 20 ul of 10X NEBuffer #2 (New England BioLabs) and 1 \i\ of 20 U/(il Hindlll were added to the resuspended beads, mixed and incubated at 37°C for 30 min while rotating. The mixture was subsequently placed in a 65°C waterbath for 20 min in order to inactivate the Hindlll. The mixture was allowed to cool to room temperature before 2 |il of a 10 mM ATP stock (Boehringer) and I ul of a 10X dilution of 1 U/^l T4 DNA ligase in 1 X T4 DNA ligase buffer (Gibco BRL) were added. After a 1 h ligation at room temperature the supernatant was separated from the beads. The beads were discarded and DNA was precipitated by adding 30 ug of glycogen (Boehringer), 0.1 vol of 3 M sodium acetate, pH 4.9, and 2.5 vol of 95% ethanol. After 1 h at -80°C, DNA was pelleted by centrifugation for 30 min at 16 000 g in a microcentrifuge. The pellet was washed once with 250 |il of 70% ethanol. All ethanol was removed by aspiration and the pellet was air-dried for 10 min. The DNA was finally resuspended in 5 fj. 1 of ddH 2 O.
Electroporations were performed by adding 60 \ll of ice-cold electrocompetent E.coli C (tdacTJgalET) cells directly to the resuspended DNA. The mixture was placed on a magnetic particle concentrator before being transferred to ice-cold electroporation cuvettes, to avoid any carry-over of remaining beads. Electroporation conditions were 25 \iF and 1.8 kV for the Gene Pulser apparatus and 200 £1 for the Pulse Controller using 0.1 cm cuvettes (BioRad, Melville, NY). After electroporation, 1 ml of ice-cold SOB medium (2% Bacto tryptone, 0.5% Bacto yeast extract, 0.05% NaCl, 2.5 mM Kcl, 5 mM MgCI 2 , adjusted to pH 7.0 with 5 M NaOH) was added to the cells immediately. The cells were then transferred to a 15 ml culture tube containing an additional 1 ml of SOB medium, and incubated in a shaking incubator for 30 min at 37°C and 225 r.p.m. Two microliters (0.1%) of the cell culture was diluted in 2 ml of SOB medium and plated with 13 ml of top-agar [6.125 g/1 LB broth base (Gibco BRL), 6.125 g/1 antibiotic medium (Difco, Detroit, MI) containing 75 Hg/ml ampicillin (Sigma), 25 \L%lml kanamycin (Sigma), 75 Hg/ m ' 5-bromo-4-chloro-3-indolyl-fi-D-galactoside (X-gal; Promega) and 75 ng/ml 2,3,5-triphenyl-2H-tetrazolium chloride (Aldnch, Milwaukee, WI)], to determine the rescue efficiency. The remainder of the cell culture was plated with 13 ml of top-agar containing 75 Ug/ml ampicillin, 25 |ig/ml kanamycin, 0.3ft phenyl-fi-D-galactoside (P-gal; Sigma) and 75 ng/ml 2,3,5-triphenyl-2H-tetrazolium chloride, to select those cells harboring mutant plasmids. Mutant frequencies were determined as the ratio between the number of colonies on selective (P-gal) plates and the number of colonies on non-selective plates times the dilution factor (1000X).
Southern blot hybridization analysis DNA samples were size-fractionated on a 1% agarose TBE (90 mM Trisborate, 4 mM EDTA, pH 8.0) gel and subsequently alkaline-transferred to a Hybond-N + nylon membrane (Amersham, Arlington Heights, IL). Wild-type pUR288 plasmid was 32 P-labeled by the random prime method (high prime DNA labeling mix; Boehringer). The blot was hybridized with the pUR288 probe overnight at 65°C in 15 ml of hybridization buffer (0 5 M sodium phosphate, pH 7.2, 7% SDS) and subsequently washed twice for 30 min at 65°C with 2.5 X SSC (375 mM NaCl, 37.5 mM sodium citrate, pH 7.0), 0.1% SDS and twice for 30 min at 65°C with 2.5 X SSC only. Radioactive signals on blot were visualized by exposing X-Omat AR films (Kodak, New Haven, CT) and quantified by Phosphorlmager analysis (Molecular Dynamics, Sunnyvale, CA).
Bacterial plasmid preparation and eltctroporation
Eschrichia coli cells harboring the wild-type pUR288 plasmid were obtained in the form of a dark blue staining colony on a titer plate from a regular mutant frequency determination. These cells were grown in 3 ml of LB medium containing 75 (Xg/ml ampicillin and 25 u.g/ml kanamycin for 8 h at 37°C, with shaking at 225 r.p.m. Cells were harvested by centrifugation for 10 min at 1000 g. The cell pellet was resuspended in 400 nl of lysis buffer and transferred to microcentrifuge tubes. The DNA isolation procedure was continued as described above for genomic DNA isolations. Finally the DNA pellet was solubilized in 50 ul of TE-buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA). Between 1 and 5 u.1 of the appropriate dilution in ddH 2 O was mixed with 60 |il of electro-competent E.coli C (AlacZ/galE~) cells. Transformation and plating of the cells was performed as described above for the plasmid rescue procedure.
Characterization of mutant plasmids
Mutant colonies were transferred from the selective plates to Falcon culture tubes containing 3 ml of LB-medium, 25 Hg/ml kanamycin and 75 |ig/ml ampicillin, and grown overnight at 37°C and 225 r.p.m. One microliter of each cell culture was pipetted onto LB-agar plates containing 75 Hg/ml ampicillin, 25 Hg/ml kanamycin and either 0.21% D-galactose (Sigma) or 75 |i.g/ml X-gal. After overnight incubation at 37°C, colonies were analyzed for growth on D-galactose (for galactose (in)sensitivity) and color on X-gal (for fi-galactosidase activity).
Minipreps were isolated from the 3 ml cell cultures using the Insta-MiniPrep-kit (5 prime->3 prime, Boulder, CO). Miniprepped plasmids were digested with Pstl and Sad (New England BioLabs), and subjected to Southern blot hybridization analysis using genomic (non-transgenic) mouse DNA as a probe.
Results
Rescue efficiencies
Procedures for plasmid rescue, in which the magnetic separation step was highly efficient, have been described previously (Gossen et al., 1993) . With this present C57BL/6 model, however, these procedures were found not to work optimally. In the meantime, Promega Corp., the supplier of the lacZ-lacI fusion protein, terminated the production of this essential component of the assay. From then on, Dynal Corp. (Oslo, Norway) kindly provided us with a lacZ-lacI fusion protein on an experimental basis. Hence, our first aim was to optimize experimental conditions and develop a set of protocols that would allow routine mutant frequency determinations in pUR288 C57BL/6 transgenic mice.
The protocols, given in the Materials and methods and also available in bench-top form (Vijg and Douglas, 1996) , differ from the original ones (Gossen et al., 1993 (Gossen et al., , 1995 at several points. Key factors appeared to be the pH and the concentration of Mg in the binding buffer. In addition, the protocol was streamlined and simplified at the following points. First, the Hindlll digestion and the incubation with die fusion proteincoated magnetic beads are now carried out simultaneously; then, IPTG elution, a second HindUl digestion and ligation are all done in the presence of the beads in the same tube and buffer (Figure 1 ). These changes have shortened the protocol from the earlier 6 h and four steps to a 4 h, three step protocol (HindUl digestion/magnetic bead binding, IPTG elution/ligation and emanol-precipitation/electrotransformation).
Using the modified protocol, plasmids were separated from total genomic mouse DNA with ~80% efficiency. This was indicated by Southern hybridization experiments, using the plasmid as a probe, to monitor the relative intensities of the plasmid band in the different preparations along the rescue protocol (Figure 2) . Signal strength analysis, using a phosphorimager, of each individual band indicated that <4% was lost after binding to and washing of the magnetic beads (lanes a and b), finally resulting in 80% ligated and precipitated plasmid sequences (lane f), compared with the signal strength of an equivalent amount of //mdlll-digested genomic DNA (lane g). Table I shows the rescue efficiencies obtained with the plasmids, purified from mouse genomic DNA, after electrotransformation into E.coli C (AlacZ, galE?~), using two different batches of electrocompetent cells. We distinguish between rescue efficiency and transformation efficiency. Rescue efficiency represents the entire process of retrieving plasmids from transgenic mouse DNA in the form of colonies on a plate. Transformation efficiency indicates the efficiency with which purified plasmids can be recovered as colonies on a plate. The results indicate three possible sources of variation. The single most important variable appeared to be the electrocompetent cells; for the same DNA samples, on average 2-4 times more transformants were obtained with batch B than with batch A. By using commercially available pUC19 plasmid it was established that batch B had an efficiency of 6 X10 10 transformants/|ig of pUC19, while the efficiency of batch A was 2.7 times less.
Second, sample-to-sample variation in rescue efficiency was Transformation efficiency of batch B was 6 X 10'° transformants/jlg of pUC19; the transformation efficiency of batch A was 2.7 times lower. •Mean ± SD. Bartlett's test for homogeneity of variances was not significant. One-way analysis of variance indicated significant differences among the means (F-if = 15.11, P < 0.005). Two-sided /-tests for the comparison of pairs of groups indicated significant differences between spleen and liver, and kidney and lung (P < 0.005), between spleen and lung, and kidney and liver (P < 0.025) and between liver and lung (P < 0.0005).
observed, but usually much less than a factor of two. Since the size of the genomic DNA is unlikely to influence plasmid rescue efficiency, DNA sample variation could be due to variable protein and/or carbohydrate contamination, which may influence the electroporation efficiency. Third, there was some influence from one experiment to the other. However, this was small, even when different amounts of genomic DNA were used (Table I) . A major conclusion that can be drawn from Table I is that the numbers of transformants obtained in one single experiment are high, on average, and very high occasionally. Indeed, while on average 100 000 transformants/(ig of genomic DNA were obtained, yields well over 100 000 were no exception.
Spontaneous plasmid mutant frequencies in the mouse
Spontaneous mutant frequencies in various tissues of 4-to 8-week-old mice ranged from 4.41 to 6.82 X 1(K Table II shows mutant frequencies found for spleen, kidney, liver and lung in three untreated animals. The number of transformants screened per organ per animal ranged from 1 356 000 to 8 715 000. The experimental variation between mutant frequency determinations of the same sample ranged from 5 to 35% (coefficient of variation). Significant differences were observed between liver and lung (P < 0.0005), between spleen and liver and between kidney and lung (f < 0.005) and between spleen and lung and between kidney and liver (P < 0.025; Table II) .
Mutant frequencies in E.coli
To investigate the possibility that some of the spontaneous lacZ mutants found in plasmids rescued from mouse tissues had really been generated in E.coli, pUR288 plasmids were grown in E.coli. Different amounts of these miniprepped pUR288 plasmids were then electroporated into E.coli C (AlacZ/galE~). As shown in Table III , the overall mutant frequency of E.coli C is (1.05 ± 0.72) X 10" 5 over a range of (2-16) X 10 5 transformants plated on the selective plates. Since P-gal is converted into phenol and galactose by an intact lacZ product, and galactose is converted to uridine diphospho (UDP)-galactose by the enzymes encoded by the galK and galT genes, cells will die when they are not capable of metabolizing this last toxic compound (Figure 3) . So, in A plasmld-based transgenic mouse model •"Means are derived from individual mutant frequency determinations of the same sample, ranging from 209 000 to 1 616 000 transformants per plate (71 = 6).
Total number of different size-change mutants.
principle, only E.coli cells harboring a mutated lacZ gene will be able to survive on the selective medium. However, it is possible for E.coli cells, harboring a wild-type pUR288 plasmid, to grow in the presence of P-gal when the galE gene is reverted back to wild type. Cells that have a functional galE product will convert the toxic UDP-galactose into UDPglucose. In addition, a forward mutation in the galK or galT gene will prevent the cell from forming UDP-galactose ( Figure  3 ). These two types of galactose-insensitive revertants will thus appear as false positive colony forming units on selective plates.
To determine the frequency of reversion to galactose insensitivity, colonies detected on selective plates after mutant frequency determinations on mouse genomic DNA were cultured overnight in LB medium in the presence of ampicillin and kanamycin. The frequency of galactose-insensitive revertants was determined by replating a small aliquot of mutant cell cultures on agar plates containing 0.21% D-galactose. Of a total of 2246 mutants analyzed, 72 mutants were able to grow in the presence of D-galactose. The total number of transformants was 18 826 745, which would correspond to a reversion frequency of 0.27 X 10~5. All revertants analyzed were found to have a dark blue staining on X-gal and a wildtype size pUR288 plasmid (results not shown).
Comparable reversion frequencies were found with a total of 61 'mutant' colonies obtained with plasmids grown in E.coli instead of isolated from the mouse (0.25 X 10~5; Table III) . After correction for these revertants, the remaining mutants consisted of 58% no change and 42% size-change mutants, as analyzed by agarose size separation. When restriction patterns of all 16 size-change mutants were analyzed (Figure 4) , only three different patterns were obtained, appearing 12 (lane c), 3 (lane d) and 1 (lane e) times respectively. Rather than assuming that these high-frequency events are mutational hot spots, it is more conceivable that these mutations arose in a relatively early stage of the E.coli growth period of plasmid preparation. After correcting for this 'jackpot' effect, the mutant frequency in E.coli is only 0.69 X 10~5. Even this figure might be an overestimate, since some of the no-change mutants may be due to a clonal effect as well.
ENV-induced mutant frequencies
To demonstrate that the plasmid system is capable of detecting induced mutations, mice were treated i.p. with 100 or 250 mg of ENU/kg body wt. The animals were killed at 3, 7 and 14 days after treatment and DNA was extracted from the spleen as described in Materials and Methods. The average mutant frequencies in the spleen at the indicated time points are depicted in Figure 5 (uncorrected for possible E.coli mutations). At 14 days after treatment with 100 or 250 mg of ENU/kg Fig. 3 . Galactose operon of E.coli. The expression of three genes (galK, gatT and galE) is regulated by one operator sequence (O). One transcript gives rise to three gene products. The three enzymes catalyze a chain reaction transforming galactose into undine diphosphoglucose (UDPGlu) via galactose-1-phosphate (Gal-l-P) and undine diphosphogalactose (UDPGal) (Adhya and Shapiro, 1969) . body wt, a 7-and 14-fold increase in mutant frequency, respectively, was found. Although theoretically the mutations detected in the ENU-treated animals could represent DNA lesions fixed by E.coli into mutations, the time-dependent increase pleads against this. Indeed, in that case one would expect most of the mutations when the level of DNA lesions is the highest, i.e. shortly after treatment. This is clearly not the case for ENU. For benzo[a]pyrene preliminary results indicate that the highest mutant frequencies occur several days later than the highest levels of DNA damage induction (M.E.T.I.Boerrigter, manuscript in preparation). Characterization of pUR288 mutants obtained from the mouse Mutant colonies from ENU-treated and untreated mice were examined for {J-galactosidase activity on X-gal plates and for DNA size changes by restriction enzyme analysis on agarose gels. Apparently, some of the mutants had maintained some [}-galactosidase activity, as indicated by a blue color of varying intensity on X-gal containing agar plates (Table IV) . After growing and re-plating of these individual 'color mutants', a uniformly colored population of colonies was obtained excluding the possibility of a mosaic of mutated and non-mutated plasmids. The presence of these color mutants indicates that the system is also capable of detecting mutations in lacZ that only partially inactivate |}-galactosidase. The relative number of color mutants increased with the ENU dose (Table IV) , possibly because of the high numbers of base substitutions induced by ENU. Indeed, the ENU-dependent increase of color mutants corresponded with an increased fraction of no-change mutants. While -46% of all mutants obtained from the untreated mice were size changes, only -15% of the mutants induced by 250 mg/kg ENU were size changes. A selection of sizechange mutants is displayed in Figure 6A . Since ENU is thought to induce predominantly point mutations, these results confirmed our expectations. All deletion mutants were colorless when grown in the presence of X-gal, while all color mutants had a normal-sized plasmid.
M.E.T.Dolte et aL
In total eight out of 120 size-change mutants were found to have mouse sequences incorporated in the plasmid. These plasmids ranged in size from 2.9 to 13 kb ( Figure 6B , lanes n-p). To rule out the possibility that these mouse sequences were a cloning artefact, plasmids were always redigested with Hindlll. The results obtained showed that in all cases Hindlll digestion yielded only one linear plasmid fragment. Moreover, in >200 lacZ mutants detected in plasmids grown in E.coli, but mixed with non-transgenic mouse DNA and subjected to HindUl digestion and re-ligation, mouse sequences were not present. In some experiments plasmids were excised from genomic DNA by using Pstl rather than Hindlll. The use of this restriction site provides an internal control for possible artefacts of digestion and ligation since it is located in the middle of the ampicillin resistance gene (Figure 1 ). Plasmids with digestion and/or ligation artefacts cannot be recovered under ampicillin selection. The results from these experiments indicate mutant frequencies that are somewhat lower than after Hindlll digestion but fall in the same range (results not shown). A somewhat lower mutant frequency can be explained from the fact that deletions involving the mouse flanking sequences can not be detected after Pstl digestion (see also Figure 1 ). Indeed, among the size-change mutants detected after Pstl digestion, mouse sequences were never found.
None of the size-change mutations in the mouse were identical to those found in E.coli in the plasmid electroporation experiment described above (compare Figure 6A with Figure 4 ).
Discussion
The results obtained in this first evaluation of our new plasmidbased transgenic mouse mutation model confirm its much higher sensitivity to size changes in lacZ and higher vector rescue efficiency than current bacteriophage lambda models. These improved characteristics were predicted on the basis of the nature of the two vector systems involved. Indeed, packaging of bacteriophage lambda vectors does not allow large size changes, which decrease its sensitivity for this kind of mutagenic event. Furthermore, its rescue efficiency is negatively influenced by strand breaks that are unavoidable during DNA extraction. Plasmids are one order of magnitude smaller and their rescue is not as size-dependent.
Spontaneous mutant frequencies in the different organs tested were between 4.41 and 6.82X 10" 5 (Table II) . This falls in the same range as the values reported for the bacteriophage lambda models, although several authors have reported lower values (e.g. Douglas et al, 1994) . A somewhat higher spontaneous mutant frequency with the plasmid model would not be surprising in view of its greater sensitivity for DNA rearrangement events. The results given in Table II suggest some organ-specificity in spontaneous mutant frequencies. However, it should be realized that before any definite conclusions can be drawn it will be necessary to increase the number of animals and to compare different cohorts at different ages. These studies are currently in progress.
At the beginning of this study we had to take into account the possibility that many of the mutants detected were not genuine mouse-derived mutations and really found their origin in E.coli, for example by error-prone processing of damage induced during DNA extraction and/or electrotransformation. Indeed, spontaneous mutation frequencies in transgenic mouse models in general are considerably higher than those found in other systems, most notably the HPRT system (Dempsey et al, 1993) . Hence, a considerable part of our efforts in evaluating this model was devoted to investigating the origin of the mutations detected.
After comparing the lacZ mutant frequency in plasmids obtained from the mouse genome with that in plasmids derived from E.coli (in minipreparations using the same DNA extraction procedures), we feel confident that we can exclude the possibility that most mutants rescued from the mouse had really originated in the bacterial host. Although £.co//-derived mutations may contribute up to 20% to the mouse spectrum (Table III) , our finding that most of these mutations seem to be derived from the same precursors suggests a much lower contribution. Indeed, none of the size changes found in E.coli could be identified among those found in the mouse (Figures  4 and 6 ). This suggests that the mutations detected arose in E.coli during the growth period necessary for preparing the plasmids and probably represent a jackpot effect. In fact, only lacZ mutations occurring in the E.coli host during the first round(s) of replication after transformation have a chance of being detected in the positive selection system. A mutation event during later rounds of replication would leave a majority of plasmids capable of expressing lacZ in the E.coli host which would effectively kill the cell.
Other, indirect evidence that both the deletions and the nochange mutants originate in the mouse is that both types of mutants can be induced by various treatments. Data presented elsewhere (Gossen et al., 1995) indicate that both deletions and no-change mutants are induced by X-rays. Data presented in the present paper indicate that ENU, an agent known to induce predominantly point mutations, gives rise to mostly no-change mutants also in our present system. This is illustrated by the shift from -54% no-change mutants in untreated animals to -85% at 14 days after treatment with 250 mg ENU/kg body wt (Table TV) . [A comparable shift was also observed for benzo[a]pyrene; M.E.T.I.Boerrigter, manuscript in preparation.} However, ENU was found to induce some size-change mutants, which is in keeping with its ability to induce micronuclei and chromosomal aberrations (Shibuya and Morimoto, 1993) . Theoretically it is conceivable that the mutations detected do originate in E.coli, e.g. by fixing the pre-mutagenic lesions. In that case, however, one would expect to find most of the mutations shortly after treatment, i.e. when the DNA damage levels are highest; this is not what we found for ENU ( Figure 5 ). Additionally, preliminary data obtained with benzo [a] pyrene also indicate that the highest level of mutations is reached several days after most of the damage is detected (M.E.T.I.Boerrigter, manuscript in preparation).
For the practical application of the plasmid-based model in routine mutagenicity studies, the efficiency of rescuing the plasmids and determining lacZ mutant frequency are key factors. This will be discussed in detail elsewhere (M.E.T.I.-Boerrigter, manuscript in preparation), but in general it seems that the rescue efficiencies obtained in this present study are about five times higher than the ones routinely achieved with the bacteriophage lambda models (i.e. 100 000 cfu/ug versus 15 000-25 000 pfu/|ig; Ashby et al, 1993; Provost et al, 1993) . In view of their much smaller size, one would expect a much higher rescue efficiency of plasmids than the corresponding number of bacteriophage lambda vectors. Indeed, degradation of genomic DNA during the extraction procedure has much less influence on the smaller plasmid vectors than on the 50 kb lambda phages. For this reason it was found to be possible to use rapid automatic DNA extraction procedures (i.e. the Qiagen Blood and Cell Culture DNA Kit, method 2) and still get high rescue efficiencies (H.-J.Martus, unpublished results).
Finally, three factors have been identified that can essentially constrain the reliable interpretation of results obtained with the plasmid model. First, enrichment of the medium with glucose causes high increases in the background mutant frequency, since it allows the non-mutants to circumvent the selection system. Besides the negative control of the lad repressor protein, the expression of |}-galactosidase is also under the positive control of CAP (catabolite activator protein). High glucose levels cause CAP to abolish its /acZ-inducing activity (Goodenough, 1984) .
Second, more than about one million transformants appeared to overload the selection system, resulting in dramatically high numbers of false positives. In this case the background can consist entirely of very small colonies which, upon analysis, appear to be all ampicillin-sensitive and do not contain a plasmid. In fact, overloading of the selection system exhausts the ampicillin. (J-Lactamase, secreted into the medium from ampicillin-resistant transformants, rapidly inactivates the antibiotic in regions surrounding the colonies (Sambrook et aL, 1989) . Thus, plating transformants at high density or incubating them for long periods results in the appearance of ampicillinsensitive satellite colonies.
Thirdly, a potential source of high background is contamination with other circulating plasmids being both ampicillinresistant and lacZr, like the lacZr mutants taken from the plates for further characterization. Usually, they are easy to recognize because they are all identical. A simple precaution that we have taken is to physically separate sample processing and plating from mutant characterization.
